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Structure and production of doubly charmed tetraquarks Tcc (ccu¯d¯) are studied from the viewpoint
of color conﬁgurations. Based on the diquark correlation, the tetraquark Tcc with I( J P ) = 0(1+) is
considered to be stable against strong decay. We discuss that the mixing probability of color antitriplet
and sextet cc components in Tcc is suppressed by 1/m2c , so the two conﬁgurations are separately realized
in the heavy quark limit. Utilizing the nonrelativistic QCD framework, we evaluate the production cross
sections of Tcc in electron–positron collisions. The momentum dependence of the cross section of color
antitriplet is found to be different from that of sextet, which can be used to discriminate the color
structure of the Tcc states in experimental measurements.
© 2013 Elsevier B.V. Open access under CC BY license.Study of exotic hadrons is one of the most interesting sub-
jects in the quark and hadron physics in these years. The ex-
perimental discoveries of the exotic hadrons, such as X,Y,Z± in
the charm sector and Yb, Z
±
b in the bottom sector, have moti-
vated many researchers toward the study of those heavy-ﬂavor
exotic hadrons [1–5]. The exotic hadrons have many unexpected
properties, such as masses, decay widths, branching ratios, which
are hard to be explained in the conventional quark model. The
doubly charmed (C = 2) tetraquark Tcc with four quark conﬁgu-
ration ccu¯d¯ (two charm quarks c’s and light up and down an-
tiquarks u¯ and d¯) is a new interesting candidate, because it is
a genuine tetraquark hadron.1 The mass of Tcc as a tetraquark
state has been theoretically studied from the quark model [6–31]
and from the QCD sum rules [32]. It is studied also as molecule-
like DD, DD∗ and D∗D∗ bound or resonant states in hadronic
molecule picture [33–37]. One of the interesting properties of Tcc
is its color conﬁgurations. A quark–quark pair in Tcc can be com-
bined, not only in color antitriplet (3¯) conﬁguration, but also in
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1 In literature, another deﬁnition of Tcc as c¯c¯ud has also been used. Although we
deal with the ccu¯d¯ state in this Letter, all the discussions can be equally applied to
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Open access under CC BY license.color sextet (6) conﬁguration, the latter of which does not ex-
ist in normal hadrons with qqq or qq¯. If Tcc exists, it helps us
to understand the quark–quark interaction in the color channel
which is not accessible in normal hadrons. To research the ex-
istence of Tcc, it is required to search for Tcc by experiments in
high energy accelerator facilities. The study in hadron–hadron col-
lisions and heavy ion collisions, such as in Tevatron, RHIC and LHC,
is discussed in Refs. [38–40]. Moreover, analyses of double charm
productions in electron–positron collisions are also carried out at
Belle and BaBar [41–43]. In the present study, we consider Tcc as
a tetraquark state and study how Tcc can be produced in electron–
positron collisions.
In literature, there have been many fully dynamical quark
model calculations of the mass of Tcc. In shortly summarized,
their results can be essentially understood by the simple di-
quark picture [21,26] as shown below. We consider that diquarks
are strongly correlated pair of quarks through color–spin interac-
tion [44];
H int =
∑
i< j
CH
mim j
(
−3
8
)
λi · λ jsi · s j. (1)
Here CH is the coupling strength, mi is the mass of the quark i,
λi is the Gell-Mann matrix operating to the color of the quark i,
and si = σ i/2 is the spin operator with the Pauli matrix σ i op-
erating to the spin of the quark i. The factor −3/8 is multiplied
for normalization (−3/8λi · λ j = 1) for the pair of quarks i and j
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The expectation values of (−3/8)λi · λ jsi · s j for quarks i and j
with spin s = 0,1 and color 3¯, 6.
3¯ 6
s = 0 − 34 38
s = 1 14 − 18
in color antitriplet (3¯) channel. The values of λi · λ jsi · s j are de-
pendent on the color–spin channels as summarized in Table 1.
We note CH is given as CH = v0〈δ(ri j)〉, where v0 is related to
the interaction constant, ri j is the distance between the quarks
i and j, and the expectation value of the delta function is given
from the wave function of the relative coordinate for the quarks i
and j. The parameters are given by CH = CB (2CH = CM) for quark–
quark (quark–antiquark) pair with CB/m2u = 193 MeV (CM/m2u =
635 MeV), mu = md = 300 MeV and mc = 1500 MeV to repro-
duce the masses of known hadrons [21,26]. Note that CM is larger
than CB, reﬂecting the color factor by two and the difference of the
quark wave function. For example, in Λc, there is an attractive ud
diquark (“good” diquark) with color 3¯, spin 1S0 in isospin I = 0.2
In Σc and Σ∗c , there is a repulsive ud diquark (“bad” diquark) with
color 3¯, but spin 3S1 in isospin I = 1 [44].
As a remark, we note that CB for heavy–heavy (cc) quark pair
should be different from those of light–light and light–heavy quark
pairs. This is because the wave function of the heavy–heavy quark
pair is spatially shrunk and its value at the center of mass is in-
creased. Hence the expectation value 〈δ(r)〉 by the wave function
(r the distance between the two quarks) is increased. Therefore,
CH for charm quark pairs should be different from the other cases
as CH = Ccc with Ccc/m2c = 39 MeV, which causes only the minor
difference [21,26].
Now let us see how Tcc can be a stable particle in the diquark
model [21,26]. The ﬂavor dependence of the color–spin interaction
is important to the stability of Tcc. We note that the color–spin
interaction H int is proportional to the quark mass factor 1/mim j .
It indicates that the light quarks are affected much by the color–
spin interaction, while the heavy quarks are not. We thus consider
a state with “good” u¯d¯ diquark and cc diquark with color 3¯ and
spin 3S1. The repulsion of cc diquark is very small due to the
suppression with the 1/m2c factor, while the u¯d¯ diquark induces a
strong attraction to make a bound state. In this picture, the quan-
tum number of the ground state of Tcc is uniquely determined as
I( J P ) = 0(1+). The lowest two-meson threshold in this channel is
the D and D∗ mesons in s wave. We can estimate the binding en-
ergy of Tcc from the DD∗ threshold as
B.E. =
(
−3
4
CM
mumc
+ 1
4
CM
mumc
)
−
(
−3
4
CB
m2u
+ 1
4
Ccc
m2c
)
 71 MeV,
where the ﬁrst term is the sum of the energies from color–spin
interaction in D and D∗ mesons and the second term is the energy
from color–spin interaction in Tcc. The above result means that the
mass of Tcc is 71 MeV below the DD∗ threshold. Thus, Tcc can be
a stable bound state as a genuine ﬂavor exotic hadron.
We consider a new state of Tcc whose color conﬁguration is
different from the conventional Tcc discussed above. The new state
of Tcc has the conﬁguration of cc (u¯d¯) pair in color 6 (6¯) and spin
1S0 (3S1). We ﬁnd that the u¯d¯ pair in color 6¯ and spin 3S1 in
isospin I = 0 is attractive, although its strength is smaller (factor
−1/8 from Table 1) than that of the u¯d¯ diquark in color 3, spin 1S0
and isospin I = 0 (factor −3/4). Denoting the quantum numbers
2 It is important to note that the attractive ud diquark is a source to form the
color superconductivity in quark matter at high density [45–47].Fig. 1. Masses of Tcc[3¯, 3S1] and Tcc[6, 1S0] (solid lines) from the diquark model.
The DD∗ and D∗D∗ thresholds are indicated by the dotted lines. The color and spin
conﬁgurations of quarks are also shown.
of the cc pair, we shall refer to the conventional (new) state as
Tcc[3¯, 3S1] (Tcc[6, 1S0]). The quantum number of Tcc[6, 1S0] is again
I( J P ) = 0(1+).
In principle, Tcc[3¯, 3S1] and Tcc[6, 1S0] can be mixed because
both of them have the same quantum numbers I( J P ) = 0(1+).
However, the spins of cc in Tcc[3¯, 3S1] and Tcc[6, 1S0] are dif-
ferent, so the transition requires the spin-ﬂip of a heavy quark
which is suppressed by 1/mc. Therefore, the mixing probability
of Tcc[3¯, 3S1] and Tcc[6, 1S0] is suppressed by order of 1/m2c and
we neglect the mixing effect in this work. Indeed, in a fully dy-
namical four-body quark-model calculation [28], it is shown that
the ground state of Tcc is dominated by the component with the
cc pair in color 3¯. We note that the suppression of the mixing is
due to the spin of the heavy diquarks, not to the structure of spe-
ciﬁc interactions. The interaction without spin dependence, such as
color conﬁnement potential, cannot mix the two states, unless we
consider a cc pair with odd angular momentum which will be sup-
pressed for the ground state. We can estimate the mass splitting
between Tcc[3¯, 3S1] and Tcc[6, 1S0] from the color–spin interaction
H int as
M
(
Tcc
[
6, 1S0
])− M(Tcc[3¯, 3S1])
=
(
−1
8
CB
m2u
+ 3
8
Ccc
m2c
)
−
(
−3
4
CB
m2u
+ 1
4
Ccc
m2c
)
 125 MeV. (2)
Therefore, Tcc[6, 1S0] is an excited state of Tcc[3¯, 3S1]. We should
remark on the stability of Tcc[6, 1S0]. The decay of Tcc[6, 1S0] into
Tcc[3¯, 3S1] requires the two-pion emission at least from the isospin
conservation, but this is kinematically forbidden due to the mass
splitting between Tcc[3¯, 3S1] and Tcc[6, 1S0] as estimated above.3
The mass splitting indicates that the mass of Tcc[6, 1S0] can lie at
54 MeV above DD∗ threshold, when the mass of Tcc[3¯, 3S1] lies at
71 MeV below DD∗ threshold (see Fig. 1). Therefore it should be
kept in mind that Tcc[6, 1S0] may decay to D and D∗ mesons via
strong interaction in s-wave fall-apart process. However, the decay
to DD∗ requires the color recombination from the color sextet cc
and antisextet u¯d¯ diquarks to color singlet cu¯ and cd¯ mesons, and
the size of cc in Tcc[6, 1S0] is small because of the heavy reduced
mass. These qualitative arguments suggest that Tcc[6, 1S0] can be
a narrow state.
So far we have discussed the tetraquarks using u¯d¯ diquarks
with attractive channels in Table 1. If we consider the other com-
binations for light diquarks, we may construct tetraquarks with
I( J P ) = 1(0+),1(1+), and 1(2+). These states will have a heavier
mass than the Tcc[6, 1S0], for which the effect of the decay width
may be signiﬁcant. In this Letter, we concentrate on the ground
states with I = 0.
Now let us consider the production of Tcc in inclusive pro-
cesses e+e− → Tcc + X. We use the framework of nonrelativistic
3 The photon emission in electromagnetic interaction gives a small width.
58 T. Hyodo et al. / Physics Letters B 721 (2013) 56–60Fig. 2. Feynman diagrams for the leading order contributions to the perturbative dσˆ (e+e− → [cc]kα + c¯+ c¯) process.QCD (NRQCD) [48,49] which is an effective ﬁeld theory based on
the expansion in terms of the heavy quark velocity v . The produc-
tion cross section is factorized into the short-distance perturbative
amplitude and the nonperturbative matrix element of the NRQCD
operators. The framework has been applied to double-charm pro-
ductions with charmonia in the ﬁnal states [50–54]. Note that
the higher order corrections both in αs [54] and velocity expan-
sion [53] are found to be important for the double-charmonium
productions. Here we provide the leading order calculation for the
Tcc production as a ﬁrst trial, and reserve the study of the higher
order corrections for future works.
Here we assume that the factorization is also valid for Tcc, fol-
lowing the strategy of Refs. [55,56] where the production of the
doubly-charmed baryon Ξcc is studied in NRQCD. The cross sec-
tion is then decomposed as
dσα
(
e+e− → Tcc[α] + X
)
=
∑
k
dσˆ
(
e+e− → [cc]kα + c¯+ c¯
)〈Ok(Tcc[α])〉,
where dσˆ represents the short-distance part of the process
e+e− → [cc]kα + c¯ + c¯ with the cc pair being projected onto the
deﬁnite color–spin state labeled by α = [3¯, 3S1] or [6, 1S0] for
Tcc[3¯, 3S1] or Tcc[6, 1S0], respectively, and k speciﬁes NRQCD op-
erators which are sorted out by velocity expansion. Feynman di-
agrams for the leading order in perturbative QCD contributions
to dσˆ are shown in Fig. 2. The matrix element 〈Ok(Tcc[α])〉 rep-
resents the long-distance nonperturbative process of the cc pair
into Tcc. In the leading order of NRQCD, the matrix element for
each channel is given by a single constant as
〈Ok(Tcc[α])〉∣∣k=LO =
{
h[3¯,3S1] for α = [3¯, 3S1],
h[6,1S0] for α = [6, 1S0].
As we have discussed, since the different color–spin states do not
mix with each other in the heavy quark limit, we calculate their
productions separately.4 In fact, the color 6 (3¯) cc component in
Tcc[3¯, 1S0] (Tcc[6, 1S0]) is included in higher order in NRQCD ex-
pansion.
To evaluate dσˆ , we assign kinematic variables as e+(p1)e−(p2)
→ [cc]kα(p) + c¯(p3) + c¯(p4). We work in the center-of-mass frame
of the e+e− collisions with the z axis in the beam direction. Deﬁn-
ing the x axis so that the three-momentum of the produced Tcc lies
in the xz plane, we write the four-momentum of Tcc as
pμ = (Ep, p sinΘ,0, p cosΘ),
4 The ﬁnal state interaction of Tcc[6, 1S0] with other hadrons may affect on the
production of Tcc[3¯, 3S1] and vice versa. However, such a quantitative analysis is not
covered in the present study and is left for future works.where Ep =
√
4m2c + p2, p = |p| is the magnitude of the three-
momentum of Tcc and Θ is the angle of p from the z axis. The mo-
menta of c¯ are speciﬁed by p3 = −p/2 + q and p4 = −p/2 − q,
and q is expressed in the cylindrical polar coordinates as q =
(q˜ sin θ,qy, q˜ cos θ).
The ﬁnal expression of the differential cross section is
dσα
dp dcosΘ
= 1
(2π)4
p2
16mcsEp
2π∫
0
dθ
q˜max∫
0
dq˜
q˜|Mα |2hα
qy(E3 + E4) ,
qy =
√
A − Bq˜2 + Cq˜2 cos2 θ ′
2(
√
s − Ep) ,
q˜max =
√
A
B − C cos2 θ ′ ,
where s is the total energy squared, E3,4 =
√
m2c + |p3,4|2, θ ′ =
θ − Θ , A = √s(√s − 2Ep)(√s − Ep)2, B = 4(√s − Ep)2, and C =
4p2.
The amplitude for the e+e− → [cc]kα + c¯+ c¯ processMα is cal-
culated by the diagrams in Fig. 2, with the color–spin projection
P (λ)
3¯,m
=
∑
3¯,3S1
u¯k
(
p
2
)t
u¯ j
(
p
2
)
= 1√
2
(
/p
2
+mc
)
/(λ)tCΦAmkj,
P6,m =
∑
6,1S0
u¯k
(
p
2
)t
u¯ j
(
p
2
)
= 1√
2
(
/p
2
+mc
)
γ5CΦ
S
mkj,
where the sum is taken for each color–spin state, (λ)μ is the
polarization vector of Tcc, C is the charge conjugation matrix,
and ΦA,Smkj = ∓ΦA,Smjk are the normalized tensor in color space. The
antisymmetric part is related to the Levi-Civita symbol ΦAmkj =
mkj/
√
2.
We ﬁx the total energy at
√
s = 10.6 GeV as in Belle experi-
ment [41]. Following the discussion of the production of doubly
charmed baryon Ξcc in Ref. [56], the other constants are cho-
sen to be mc = 1.8 GeV and αs = 0.212. In the leading order of
NRQCD, the mass of Tcc is given by MTcc = 2mc. Note that the
mass of charm quark is different from that used in the diquark
model. We calculate the differential cross sections normalized by
the total cross section (1/σα)dσα/(dp dcosΘ) which is indepen-
dent of the value of the matrix element hα . The results are plotted
as functions of the Tcc momentum p = |p| in the left panel of
Fig. 3 with Θ = 0, π/2, and π . Because the amplitude is symmet-
ric under the exchange p1 ↔ p2, the result with Θ and that with
π − Θ are identical. In Fig. 3 we see that the momentum distri-
butions of the two color states are quite different. The Tcc[3¯, 1S0]
channel has maximum at p  3.5 GeV with short tail in the low
momentum region, while the distribution of the Tcc[6, 1S0] state
T. Hyodo et al. / Physics Letters B 721 (2013) 56–60 59Fig. 3. (Color online.) Differential cross sections as functions of the magnitude of the three momentum of Tcc. The left (right) panel represents the results with mc = 1.8 GeV
and αs = 0.212 (mc = 1.5 GeV and αs = 0.26). Thin (thick) lines represent the production of Tcc[3¯, 3S1] (Tcc[6, 1S0]).peaks at around p  2.7 GeV with appreciable strength in the low
momentum region. This qualitative difference can be used to dis-
tinguish the color structure of Tcc; for instance, the ratio of the
cross sections at p = 1 GeV and p = 3.5 GeV is quite different in
two cases.
The nonperturbative constants h[3¯,3S1] and h[6,1S0] should in
principle be estimated in QCD. In the present study, as a sim-
ple approach, we use the nonrelativistic quark model. We assume
h[3¯,3S1] = |R
Tcc[3¯,3S1]
cc (0)|2/4π and h[6,1S0] = |R
Tcc[6,1S0]
cc (0)|2/4π , re-
spectively, where RTcc[3¯,
3S1]
cc (r) [R
Tcc[6c,1S0]
cc (r)] is the radial wave
function of cc quark pair in tetraquark Tcc[3¯, 3S1] (Tcc[6, 1S0]).
To obtain the wave function RTcc[3¯,
3S1]
cc (r) and R
Tcc[6,1S0]
cc (r), we
consider the Hamiltonian with the harmonic oscillator potential∑
i< j(− 316 )λi ·λ j k2 |ri − r j |2 where ri is the position of the quark i,
and k is the strength parameter of the harmonic oscillator poten-
tial for quark conﬁnement. The color factor λi · λ j is important
to obtain the wave function of the cc quark pair, because the
wave function should be different for each color channel, 3¯ and 6.
Although the harmonic oscillator potential is a simple potential in
the quark model, it will be enough for our purpose when the cc
wave function contains only the s wave. We note again that no
mixing of 3¯ and 6 is induced by the conﬁnement interaction. The
masses of quarks are set to be the same value used in Eq. (1).
The strength parameter k = 0.33 GeV3 is ﬁxed to reproduce the
value of the wave function at the center-of-mass for cc¯ quark pair
in charmonia, |Rcc¯(0)|2, which is estimated in the more sophisti-
cated quark model with the Cornel-type (Coulomb + linear con-
ﬁnement) potential and the spin–spin interaction in Ref. [57]. Here
we obtain |Rcc¯(0)|2 = (|Rηccc¯ (0)|2 + 3|R J/ψcc¯ (0)|2)/4 = (1.18)2 GeV3
with the wave functions |Rηccc¯ (0)|2 = (1.39)2 GeV3 and |R J/ψcc¯ (0)|2 =
(1.10)2 GeV3 at the center of mass of cc¯ in ηc and J/ψ , respec-
tively. With all the parameters being ﬁxed, we calculate the cc
wave functions in Tcc[3¯, 3S1] and Tcc[6, 1S0]. The harmonic oscilla-
tor potential has the property that the cc wave function is exactly
decoupled from the other light quarks (u¯ and d¯). Here we may ig-
nore the color–spin interaction for cc pair, because in ﬁrst the cc
wave function is decoupled already from the other light quarks,
and in second the color–spin interaction for the cc quarks is small
with suppression factor by 1/m2c . From the harmonic oscillator po-
tential, as numerical result, we obtain h[3¯,3S1] = 0.089 GeV3 and
h[6c,1S0] = 0.054 GeV3. By substituting these values, we ﬁnally ob-
tain the total cross section at Belle energy as σ[3¯,3S1] = 13.8 fb and
σ[6,1S0] = 4.1 fb. We may use the other parameter set, for example
mc = 1.5 GeV and αs = 0.26 from Ref. [51]. Then we ﬁnd a few
times larger cross sections σ ¯ 3 = 65 fb, σ 1 = 21 fb. The[3, S1] [6, S0]momentum dependence remains qualitatively unchanged as shown
in the right panel of Fig. 3.
Some remarks are ready. The cross section of the doubly
charmed baryon Ξcc has been discussed in a similar method [55,
56]. When the harmonic oscillator potential is used, interestingly,
the wave function of cc in Ξcc can be estimated as the same with
that of cc in the tetraquark Tcc[3¯, 3S1]. Then, we obtain the cross
section of Ξcc which is same as that of Tcc[3¯, 3S1]. The obtained
Ξcc total cross section is comparable to the previous results of
∼ 101–102 fb [55,56].
However, there are two issues. First, we have used a very sim-
pliﬁed quark model having the harmonic oscillator potential. Al-
though we expect that it will be valid to consider only the s-wave
state, we will need to analyze the wave functions in more realistic
potential such as the Cornel-type potential for more quantitative
discussion. Second, we have assumed that the long distance quan-
tities h[3¯,3S1] and h[6,1S0] as well as hΞcc for Ξcc are related to
the cc wave function. It should be noted that the difference of the
numbers of the light quarks (two for Tcc[3¯, 3S1] and Tcc[6, 1S0],
one for Ξcc) is not accounted for in the present estimate of the
cross section. However, as the number of light quarks is increased,
it should be expected that the production of the hadrons becomes
more suppressed. In general, the probability of picking up two light
quarks is considered to be about one order of magnitude smaller
than that with one light quark [58,59]. Thus, the cross section of
Tcc[3¯, 3S1] and Tcc[6, 1S0] should be smaller than that of Ξcc. For
more quantitative study, we need to include the light quark de-
grees of freedom in the fragmentation process.
In summary, we discuss the exotic color conﬁgurations in dou-
bly charmed tetraquark Tcc. We discuss that Tcc with color 6 con-
ﬁguration does not mix with conventional Tcc with color 3¯ in the
heavy quark limit. We evaluate the production cross section of Tcc
in the electron–positron collisions by NRQCD at leading order both
in αs and velocity expansions. As a result we ﬁnd that Tcc with
color 6 has different momentum and angular dependence from
that of Tcc with color 3¯. This study will be useful to pin down
the color conﬁgurations in exotic hadrons from experimental mea-
surement.
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